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ABSTRACT 47 
Modern humans have more fragile skeletons than other hominins, which may result from 48 
physical inactivity. Here we test whether reproductive effort also compromises bone strength, by 49 
measuring using computed tomography thoracic vertebral bone mineral density (BMD) and 50 
fracture prevalence among physically active Tsimane forager-horticulturalists. Earlier onset of 51 
reproduction and shorter interbirth intervals are associated with reduced BMD for women. 52 
Tsimane BMD is lower versus Americans, but only for women, contrary to simple predictions 53 
relying on inactivity to explain skeletal fragility. Minimal BMD differences exist between 54 
Tsimane and American men, suggesting that systemic factors other than fertility (e.g. diet) do not 55 
easily explain Tsimane women’s lower BMD. Tsimane fracture prevalence is also higher versus 56 
Americans. Lower BMD increases Tsimane fracture risk, but only for women, suggesting a role 57 
of weak bone in women’s fracture etiology. Our results highlight the role of sex-specific 58 
mechanisms underlying skeletal fragility that operate long before menopause. 59 
 60 
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INTRODUCTION 93 
Compared to other hominoids and extinct hominins, modern humans have postcranial 94 
skeletons that are more gracile (i.e. lower bone mass and strength for body size) (Cotter, Loomis, 95 
Simpson, Latimer, & Hernandez, 2011; C. Ruff et al., 2015; T. M. Ryan & Shaw, 2015). 96 
Declining skeletal strength has been documented in the cortical structure of long bone diaphyses 97 
(e.g. size or shape in a cross-section) and in trabecular bone micro-structure (e.g. thickness, bone 98 
volume fraction) and is particularly evident in the later Pleistocene or Holocene (H Chirchir, 99 
2019; H Chirchir et al., 2015; C. Ruff et al., 2015; T. M. Ryan & Shaw, 2015). Physical 100 
inactivity is the most common explanation for skeletal fragility, based largely on the well-101 
established principle that impact forces from load bearing and muscle contraction trigger bone 102 
deposition (Carter & Orr, 1992). According to this principle, which has been documented in 103 
numerous studies of competitive athletes and exercise interventions (e.g. (Polidoulis, Beyene, & 104 
Cheung, 2012; Warden et al., 2014)), and inferred from skeletal remains of prehistoric 105 
populations (e.g. (Alison A. Macintosh, Pinhasi, & Stock, 2017; C. Ruff et al., 2015)), bone 106 
responds to physical activity demands by adding tissue and altering cross-sectional distribution 107 
in the direction of highest bending strains (i.e. change in length per unit length) (but see (Demes, 108 
Qin, Stern, Larson, & Rubin, 2001; Lieberman, Polk, & Demes, 2004; Lovejoy, McCollum, 109 
Reno, & Rosenman, 2003) and references therein). This mechanical response of bone to loading 110 
is variable throughout the body, depending on types of weight-bearing activity and muscle 111 
function. 112 
Evolutionary life history theory provides a broad explanatory framework that 113 
incorporates ultimate and proximate levels of analysis for understanding variability in bone 114 
strength (i.e. ability to withstand an applied load). In all organisms, limited resources are 115 
allocated to competing metabolic demands so as to optimize biological fitness. Due to higher 116 
fitness gains of reproduction earlier versus later in life (Williams, 1957), natural selection often 117 
prioritizes investments in earlier reproduction over somatic maintenance. Organisms may thus 118 
increase fertility at the expense of maintenance (Kirkwood & Austad, 2000), and we should 119 
expect greater energetic investments in reproduction to trade-off against investments in 120 
maintenance (Stearns, 1992). Consistent with life history theory, reproductive effort is expected 121 
to moderate effects of physical activity on adult bone strength, which is an indicator of energetic 122 
investment in somatic maintenance. 123 
Tests of this life history trade-off in humans are inconclusive (Le Bourg, 2007), in part 124 
because many studies focus on mortality rather than investments in maintenance per se (but see 125 
(C. P. Ryan et al., 2018; Ziomkiewicz et al., 2016)), precluding direct analysis of whether greater 126 
reproductive effort inhibits maintenance. Bone tissue is ideal for examining metabolic trade-offs 127 
between reproduction and maintenance. Constant remodeling is necessary to maintain bone 128 
strength, and the skeleton is a general mineral reservoir for the competing metabolic demands of 129 
maternal maintenance and fetal bone accretion or lactation (J. Stieglitz et al., 2015). The average 130 
full-term human fetus has ~30 g calcium, 20 g phosphorus and 0.8 g magnesium, and at least 131 
80% of these macro-minerals are accreted in the third trimester (see (Kovacs, 2016) for a 132 
comprehensive review of bone metabolism during pregnancy, lactation and post-weaning). For 133 
an average-sized fetus this corresponds at week 24 of gestation to a mean calcium [phosphorus] 134 
transfer rate of ~60 mg/day [~40 mg/day] and between weeks 35-40 of 300–350 mg/day [200 135 
mg/day]. In the third trimester, hourly fetal transfers of calcium and phosphorus are between 5-136 
10% of that present in maternal plasma, which is enough to provoke maternal hypocalcemia and 137 
hypophosphatemia. Generally, patterns of bone turnover are similar comparing pre- to early 138 
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pregnancy states, but turnover increases during the third trimester to create a net resorptive state. 139 
During the first six months [second six months] postpartum, ~200 mg/day [~120 mg/day] of 140 
calcium is secreted into human breast milk. Analyses of bone turnover markers, bone mineral 141 
density (BMD), and bone structure by high-resolution peripheral quantitative computed 142 
tomography (HR-pQCT) suggest that lactating women are in negative calcium balance, 143 
especially when milk production is elevated. Longitudinal studies show consistent declines in 144 
lactating women’s BMD or bone mineral content, with mean declines of 3-10% after 3–6 months 145 
of lactation. The greatest BMD losses (5–10%) occur in the lumbar spine, with modest losses 146 
(<5%) occurring at sites with less trabecular bone, and smaller losses (<2%) at sites containing 147 
mostly cortical bone. The few studies utilizing HR-pQCT in the limbs (radius, femur) show 148 
smaller (<2%) reductions in trabecular thickness and cortical thickness and volume, with greater 149 
reductions among women who lactate longer. Thus, because mineral allocations to maternal 150 
maintenance and reproduction draw from the same skeletal reservoir, direct trade-offs between 151 
these competing demands should manifest in bone. These trade-offs are expected to manifest in 152 
the longer term, regardless of whether maternal bone tissue fully or only partially recovers from 153 
mineral losses following a specific bout of gestation and lactation. Life history theory makes no 154 
assumptions or predictions about the extent of bone mineral recovery (i.e. whether full or partial) 155 
after weaning a specific child. Accordingly, a general hypothesis from life history theory is that 156 
greater reproductive effort constrains the ability of bone tissue to respond to mechanical loading 157 
and high physical activity levels (PALs). This hypothesis is not an alternative to and may 158 
complement other hypotheses of bone structural variation emphasizing developmental factors 159 
affecting the trade-off between investment in growth and reproduction (A. A. Macintosh, Wells, 160 
& Stock, 2018). But unlike other hypotheses of bone structural variation derived from life history 161 
theory or proximate explanations (focusing, e.g., on nutrition, inflammation, hormones), the 162 
hypothesis emphasizing effects of reproductive effort uniquely predicts sex differences within 163 
and between populations, the magnitude of which should be influenced by relative investment in 164 
reproduction. 165 
Timing of reproduction, in addition to lifetime reproductive effort, is also expected to 166 
affect bone strength (A. A. Macintosh et al., 2018). Peak bone mass is typically not achieved 167 
until the late 20s, so earlier pregnancy and lactation can disrupt maternal bone growth and/or 168 
mineralization (Madimenos, Snodgrass, Liebert, Cepon, & Sugiyama, 2012; J. Stieglitz et al., 169 
2015), potentially reducing peak bone mass and thus later-life bone strength (but see (Chantry, 170 
Auinger, & Byrd, 2004)). In addition to early onset of reproduction, short interbirth intervals 171 
(IBIs) can potentially generate unbalanced cycles of maternal bone resorption and formation, 172 
limiting maternal skeletal recovery before subsequent pregnancy (J. Stieglitz et al., 2015). 173 
Whether the maternal skeleton is fully or partially restored post-weaning to its prior mineral 174 
content and strength, despite potentially lasting micro-architectural changes shown in recent 175 
imaging studies, is currently debated (Clarke & Khosla, 2010; Kovacs, 2016, 2017; 176 
Wysolmerski, 2010) and physiological mechanisms underlying post-weaning maternal skeletal 177 
recovery are not well understood. Dual-energy X-ray absorptiometry data suggest that for most 178 
women, lactation-associated BMD losses and micro-architectural deficits are reversed by 12 179 
months post-weaning, although patterns can vary by skeletal site and most studies are conducted 180 
among well-nourished women with low fertility (Kovacs, 2016). Restorative capacity partly 181 
depends on lactation duration; HR-pQCT studies of the radius and femur show recovery of 182 
trabecular and cortical micro-architecture in women lactating for shorter periods, but incomplete 183 
recovery in women lactating for longer periods. A recent HR-pQCT study found incomplete 184 
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recovery of trabecular and cortical micro-architecture in the tibia and radius after a median of 2.6 185 
years post-weaning for women exclusively breastfeeding for five months (Bjornerem et al., 186 
2017). Incomplete restoration of lumbar spine BMD to pre-pregnancy values by 12 months post-187 
partum is observed among rural Gambian women practicing on-demand breastfeeding for about 188 
two years (Jarjou et al., 2010). 189 
A relevant literature on “maternal depletion syndrome” (Jelliffe & Maddocks, 1964) 190 
examines trade-offs between reproductive effort and maternal health more broadly in high 191 
fertility contexts. Currently, evidence for maternal depletion is mixed (Michael Gurven et al., 192 
2016; Tracer, 2002), though most prior studies focus only on the period covering one or two 193 
births rather than the cumulative long-term effects on health of repeated pregnancies. Moreover, 194 
most of these prior studies focus on maternal anthropometric status (e.g. weight, adiposity) rather 195 
than bone tissue per se. Bone tissue fluctuates less than anthropometric markers with short-term 196 
changes in energy balance, rendering studies of bone less susceptible to sampling biases. 197 
Here we examine in a natural fertility population, Tsimane forager-horticulturalists of 198 
Bolivia, whether greater reproductive effort compromises bone strength, particularly for women 199 
given their greater energetic costs of reproduction. Tsimane are an ideal population to test 200 
whether women’s greater reproductive effort compromises bone strength. Tsimane fertility is 201 
high (total fertility rate=9 births per woman), birth spacing is short (J. Stieglitz et al., 2015), 202 
breastfeeding is on-demand, effective birth control is rare, and PALs are high (Michael Gurven, 203 
Jaeggi, Kaplan, & Cummings, 2013), as is typical of other small-scale rural subsistence 204 
populations. In a population-representative sample of adults aged 40+ years, who mostly have 205 
completed their reproduction, we utilize thoracic computed tomography (CT) to measure two 206 
primary indicators of bone strength in thoracic vertebrae: BMD, which accounts for ~70% of the 207 
variance in bone strength (NIH Consensus Development Panel on Osteoporosis Prevention, 208 
2001), and fracture prevalence and severity. We focus on thoracic vertebrae since spontaneous 209 
thoracic vertebral fractures are among the most common osteoporosis-related fractures in 210 
humans (Sambrook & Cooper, 2006). Such fractures have not been observed in wild or captive 211 
apes, even in individuals with severe osteopenia (Gunji et al., 2003), suggesting that modern 212 
humans are more susceptible than other primates to osteoporosis-related fractures (Cotter et al., 213 
2011). 214 
Most activities of daily living, including sitting, walking, running and lifting, generate 215 
loads on human vertebrae (Myers & Wilson, 1997; Rohlmann et al., 2001; Stewart & Hall, 216 
2006), and thus thoracic vertebrae track mechanics of both lower and upper limbs. Even regular 217 
breathing appears to generate intradiscal pressure and some loading in the thoracic spine (Polga 218 
et al., 2004). Vertebral bodies, which are composed mostly of trabecular bone surrounded by a 219 
thin cortical shell, function largely as shock absorbers and can deform to a greater degree than 220 
tubular bones (Seeman, 2008); deformation facilitates spinal flexion, extension and rotation. The 221 
major loading mode on human vertebral bodies is axially compressive, and most axial force is 222 
carried by the trabecular bone (Myers & Wilson, 1997). For many activities (e.g. neutral 223 
standing, standing with weight, mild trunk flexion and extension, lifting objects above the head), 224 
the greatest compressive loads along the spine are generated in the thoracolumbar region (Bruno, 225 
Burkhart, Allaire, Anderson, & Bouxsein, 2017). The greatest compressive vertebral loads occur 226 
during activities in which body mass or externally applied weights are shifted anteriorly, such as 227 
during trunk flexion or carrying weight in front of the body (Bruno et al., 2017; Polga et al., 228 
2004; Rohlmann et al., 2001). To accommodate forces, the architecture of the vertebral body 229 
trabecular bone consists of thick vertical plates and columns supported by thinner horizontal 230 
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trabeculae. This trabecular structure changes with age, such that vertical plates are successively 231 
perforated during remodeling and converted into columns, whereas horizontal trabeculae 232 
perforate and disappear (L. Mosekilde, Mosekilde, & Danielsen, 1987). These age-related 233 
trabecular structural changes can result in vertebral strength declines that are greater than 234 
predicted from bone mass estimation alone. Vertebral strength is compromised more by loss of 235 
trabecular connectivity than by trabecular thinning, and women are more susceptible than men to 236 
age-related horizontal trabecular perforation and disappearance (Lis Mosekilde, 1989). 237 
In this paper, we first test, among Tsimane women, whether greater reproductive effort –  238 
indicated by earlier age at first birth, higher parity and shorter IBIs – is associated with reduced 239 
thoracic vertebral BMD. We then test whether Tsimane BMD is lower, particularly for women, 240 
relative to a matched American sample with directly comparable CT-derived indicators of bone 241 
strength. This latter prediction follows from the hypothesis that greater reproductive effort 242 
compromises bone strength, which is consistent with a trade-off between investment in 243 
reproduction and maintenance as posited by evolutionary life history theory. In contrast, a simple 244 
prediction from a physical inactivity hypothesis for compromised bone strength posits the 245 
opposite, i.e., lower BMD for Americans versus Tsimane, for both sexes, given lower PALs, on 246 
average, among Americans. Regarding the second measured bone strength indicator, thoracic 247 
vertebral fracture, we test whether Tsimane fracture prevalence is higher versus matched 248 
Americans, particularly for women. To determine whether Tsimane thoracic vertebral fracture 249 
results from compromised bone strength as opposed to trauma, we test whether fracture risk is 250 
inversely associated with thoracic vertebral BMD. Lastly, we test whether Tsimane women’s 251 
fracture risk increases with reproductive effort, even after adjusting for BMD, which is expected 252 
if greater reproductive effort compromises bone micro-architecture in complex ways beyond 253 
reducing mineral density (e.g. by reducing trabecular thickness or connectivity density). 254 
 255 
RESULTS 256 
Tsimane women’s thoracic vertebral BMD declines with early age at first birth and short IBI 257 
Earlier age at first birth is associated with reduced BMD (Std. βAge at 1st birth [years, 258 
logged]=0.099, p=0.036, controlling for age and fat-free mass, adj. R
2
=0.51, n=213; Appendix-259 
Table 1). Back-transforming logged age at first birth values into observed values and holding 260 
controls at sample means, there is a BMD difference of 0.57 SDs for women with maximum 261 
versus minimum age at first birth (37 versus 12 years, respectively). 262 
Parity (continuously or categorically operationalized) is not associated with BMD 263 
controlling for age at first birth, age and fat-free mass (Appendix-Table 2), nor does parity 264 
interact with any indicator of reproductive effort to predict BMD. 265 
Shorter mean IBI (<29.7 months) is associated with lower BMD (Std. βShorter mean IBI=-266 
0.201, p=0.032, controlling for age at first birth, age and fat-free mass, adj. R
2
=0.52; Appendix-267 
Tables 3-4). Mean IBI also interacts with age at first birth: BMD is 0.28 SDs higher for women 268 
with longer mean IBI and later age at first birth versus women with shorter mean IBI and earlier 269 
age at first birth (interaction p=0.027, controlling for age and fat-free mass; see Figure 1 and 270 
Appendix 1-Figure 1). 271 
Additionally controlling for indicators of modernization, i.e. residential proximity to the 272 
closest market town of San Borja, Spanish fluency and schooling, which could reflect differential 273 
activity levels, diet and/or other factors affecting bone strength (e.g. infectious burden), 274 
strengthens the association between BMD and both mean IBI and age at first birth (comparing 275 
estimates in Appendix-Table 5 versus Appendix-Table 4). BMD is not significantly associated 276 
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with any modernization indicator. Neither young age at menarche nor menopause is associated 277 
with BMD (Appendix-Table 6), nor does either variable interact with any indicator of 278 
reproductive effort to predict BMD. 279 
 280 
Figure 1. Standardized residual thoracic vertebral BMD (mean±SEM; controlling for age and fat-281 
free mass) by reproductive effort (n=212 Tsimane women). Earlier vs. later age at first birth is 282 
defined as <18 vs. ≥18 years (median split), respectively; lower vs. higher parity is defined as ≤9 283 
vs. >9 live births (median split), respectively; and shorter vs. longer mean IBI is defined as <29.7 284 
months vs. ≥29.7 (median split), respectively. 285 
 286 
 287 
 288 
 289 
 290 
 291 
 292 
Tsimane thoracic vertebral BMD is lower versus Americans, but only for women 293 
For women, age-standardized mean BMD is 8.9% lower for Tsimane versus Americans 294 
(Figure 2; Appendix-Table 7). Tsimane BMD is significantly lower (all p’s<0.01) versus 295 
Americans at all ages, and this population-level difference increases with age in the cross-296 
section. Mean BMD for Tsimane women is 5.6% lower than age-matched Americans aged 40-49 297 
years, 9.8% lower for ages 50-59, 13.7% lower for ages 60-69, and 18.8% lower for women aged 298 
70+. For men, age-standardized mean BMD is 0.24% lower for Tsimane versus Americans. 299 
Tsimane BMD is not significantly different at ages 40-49 (1.0% lower for Tsimane, p=0.547), 300 
60-69 (5.2% lower for Tsimane, p=0.069) and age 70+ (2.5% lower for Tsimane, p=0.543); 301 
Tsimane men aged 50-59 have 4% higher mean BMD (p=0.027) than age-matched Americans. 302 
 303 
 304 
 305 
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Figure 2. Tsimane versus American mean thoracic vertebral BMD (95% CIs) by age and sex. 306 
The “total” category is age-standardized (see Appendix-Table 7 for values and details). 307 
 308 
 309 
 310 
 311 
 312 
 313 
 314 
Tsimane thoracic vertebral fracture prevalence is higher versus Americans 315 
For women, age-standardized prevalence of any thoracic vertebral fracture (i.e. grade≥1; 316 
including mild, moderate or severe) for Tsimane and Americans is 18% and 9%, respectively 317 
(adjusted RRTsimane [vs. US]=1.81, 95% CI: 1.16-2.83, p=0.009, controlling for age, n=491; see 318 
Figure 3 and Appendix-Table 8). Using a more conservative fracture definition (i.e. grade ≥2; 319 
including only moderate or severe), age-standardized prevalence for Tsimane and Americans is 320 
6% and 2%, respectively (adjusted RRTsimane [vs. US]= 2.69, 95% CI: 1.07-6.75, p=0.035; 321 
Appendix-Table 9). For men, age-standardized prevalence of any fracture for Tsimane and 322 
Americans is 36% and 11%, respectively (adjusted RRTsimane [vs. US]= 3.30, 95% CI: 2.26-4.82, 323 
p<0.001, n=524; Appendix-Table 8), and using a more conservative fracture definition, 10% and 324 
2%, respectively (adjusted RRTsimane [vs. US]=3.79, 95% CI: 1.78-8.09, p=0.001; Appendix-Table 325 
9). 326 
For both sexes, Tsimane are significantly more likely than Americans to present 327 
moderate (i.e. grade 2) but not severe (grade 3) fracture (Appendix-Tables 10-11). Tsimane men 328 
but not women are significantly more likely than Americans to present borderline deformity 329 
(grade 0.5) and mild fracture (grade 1). 330 
 331 
 332 
 333 
 334 
 335 
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Figure 3. Thoracic vertebral (T6-T12) fracture prevalence (95% CIs) for Tsimane (shown in 336 
gray) versus American (in green) women (A) and men (B) by fracture grade. Prevalence based 337 
on a less (grade ≥1) and more (grade ≥2) conservative fracture definition is shown. Prevalence is 338 
estimated from log-binomial generalized linear models controlling for age. 339 
 340 
 341 
 342 
 343 
Lower thoracic vertebral BMD increases risk of thoracic vertebral fracture among Tsimane, 344 
particularly for women. Short IBI additionally increases Tsimane women’s fracture risk. 345 
Tsimane women with thoracic vertebral fracture (grade≥1) have lower BMD (0.46 SDs; 346 
p=0.005), higher parity (0.25 SDs; p=0.071) and shorter mean IBI (0.22 SDs; p=0.011) than 347 
women without fracture (Appendix-Table 12). There are no significant differences between 348 
women without versus with fracture in terms of age, anthropometrics, ages at menarche, 349 
menopause or first birth, or modernization indicators. Women’s BMD is inversely associated 350 
with fracture risk (adjusted RRBMD per SD increase =0.542, 95% CI: 0.352-0.837, p=0.006, 351 
controlling for age, height and fat mass, n=219); this association remains (adjusted 352 
RRBMD=0.540, 95% CI: 0.345-0.845, p=0.007; Figure 4) after adding to the model mean IBI, 353 
which is also inversely associated with fracture risk (adjusted RRMean IBI per SD increase=0.379, 354 
95% CI: 0.165-0.866, p=0.021; Appendix-Table 13: Model 2). The inverse association between 355 
women’s BMD and fracture risk strengthens with higher fracture grades (Appendix-Table 14), 356 
whereas the inverse association between mean IBI and fracture risk is strongest for mild (i.e. 357 
grade 1) fracture. In multivariate models, we found no effect on women’s fracture risk of either 358 
parity, ages at menarche, menopause or first birth, or modernization indicators (controlling for 359 
BMD, mean IBI, age, height and fat mass). 360 
Tsimane men with fracture are shorter (0.23 SDs; p=0.038), have higher adiposity (0.37 361 
SDs; p=0.025) and have higher BMI (0.34 SDs; p=0.012) than men without fracture (Appendix-362 
Table 15). As with women, men without versus with fracture do not significantly differ in terms 363 
of age, weight, fat-free mass or modernization indicators. But unlike women, there is no 364 
significant difference in BMD between men without versus with fracture, and men’s BMD is not 365 
associated with risk of any fracture (adjusted RRBMD per SD increase=1.046, 95% CI: 0.862-366 
1.269, p=0.650, controlling for age, height and fat mass, n=227; Appendix-Table 16). Men’s 367 
BMD is, however, inversely associated with risk of borderline (i.e. grade 0.5) deformity 368 
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(Appendix-Table 17; Figure 4). Modernization indicators are not associated with men’s fracture 369 
risk, nor do they meaningfully moderate associations between BMD and fracture risk. 370 
 371 
Figure 4. Association between thoracic vertebral BMD and thoracic vertebral (T6-T12) fracture 372 
risk (95% CI) for Tsimane. Log-binomial generalized linear models are used to estimate relative 373 
risk after adjustment for age, height and fat mass. Mean IBI is also included as a covariate for 374 
women. Parameter estimates are shown in Appendix-Tables 13-14 (women), and Appendix-375 
Tables 16-17 (men). Severe fractures (grade 3) are omitted due to their relative scarcity. 376 
 377 
 378 
 379 
 380 
 381 
 382 
DISCUSSION 383 
This paper makes five empirical contributions. We find that: 1) Tsimane thoracic 384 
vertebral BMD is lower among women with early age at first birth and short IBIs; 2) Tsimane 385 
BMD is lower than a directly comparable American sample, but only for women; 3) Tsimane 386 
thoracic vertebral fracture prevalence is higher versus Americans; 4) among Tsimane, lower 387 
BMD is associated with higher fracture risk, particularly for women; and 5) short IBIs are 388 
associated with Tsimane women’s fracture risk even after adjusting for BMD. 389 
These results are consistent with a life history trade-off between reproductive effort and 390 
somatic maintenance (Kirkwood & Austad, 2000; Stearns, 1992; J. Stieglitz et al., 2015). 391 
Maternal physiology uniquely responds to the greater mineral demands of pregnancy and 392 
lactation by mobilizing skeletal mineral stores (Kovacs, 2016; Nelson, Sauer, & Agarwal, 2002; 393 
Prentice, 2003). Maternal regulatory mechanisms can compensate for acute mineral losses, for 394 
example, by retaining excess mineral in circulation to facilitate storage. But in energy-limited 395 
11 
 
settings (due to high energy expenditure relative to consumption), earlier age at first birth and 396 
shorter birth spacing can potentially reduce peak bone mass and generate unbalanced cycles of 397 
bone resorption and formation, compromising bone strength long before menopause. In addition 398 
to direct negative effects of reproductive effort on bone strength, indirect negative effects are 399 
possible via reductions in women’s PALs and mechanical loading on bone, given nursing 400 
women’s reduced food acquisition efforts relative to non-nursing women (cf. (Hurtado, Hill, 401 
Kaplan, & Hurtado, 1992)). Tsimane women’s participation in certain subsistence activities 402 
ostensibly entailing high-impact, high-magnitude loadings (e.g. rice-pounding using thick 403 
wooden bats) may be curtailed during pregnancy and early lactation; meta analyses of controlled 404 
exercise trials indicate that high-impact, high-magnitude loadings are especially effective at 405 
preserving women’s BMD at the lumbar spine, femoral neck and total hip (Martyn-St James & 406 
Carroll, 2009, 2010). In the present study, we also found that parity per se is not inversely 407 
associated with BMD (Appendix-Tables 2-3; but see (J. Stieglitz et al., 2015)). Prior studies of 408 
parity-specific effects on maternal BMD do not reveal consistent associations (Kovacs, 2016), 409 
although most studies are conducted in developed countries with lower fertility and greater 410 
energetic surpluses. These conditions can obscure expected energetic trade-offs between 411 
reproduction and maintenance. 412 
The finding that thoracic vertebral BMD is lower for Tsimane than in a comparable 413 
sample of American women, whereas for men few population-level differences are apparent, 414 
despite higher mean PALs of Tsimane women and men, contributes to a growing literature 415 
emphasizing sexual dimorphism in skeletal responses to environmental stimuli (e.g. (Alison A. 416 
Macintosh et al., 2017)), mediated in part by sex and growth hormones, growth factors and their 417 
receptors (Devlin, 2011; Gosman, Stout, & Larsen, 2011). Dietary or other systemic population-418 
level differences (e.g. in infectious burden) do not easily explain Tsimane women’s lower BMD 419 
because such systemic factors should affect both sexes. Recent dietary analyses of Tsimane and 420 
Americans (NHANES) based on 24-h dietary recalls indicate minor sex differences in 421 
proportional macronutrient intake for both populations (Kraft et al., 2018). In absolute terms, 422 
Tsimane mean daily per-capita energy, protein and carbohydrate intake actually exceeds that of 423 
Americans for both sexes, as does Tsimane intake of the bone-forming minerals magnesium, 424 
phosphorus and zinc. Nevertheless, prior Tsimane research indicates that energetic limitation and 425 
greater immune activation from high pathogen exposure partly explain why mean PALs above 426 
those of industrialized societies do not inevitably yield elevated peak bone mass or protect 427 
against age-related bone loss for either sex (J. Stieglitz et al., 2015; Jonathan Stieglitz, 428 
Madimenos, Kaplan, & Gurven, 2016). In a prior cross-sectional study of women utilizing 429 
ultrasound, we found reduced calcaneal strength for Tsimane versus Americans that is already 430 
apparent in the 20s, with population-level differences increasing with age (J. Stieglitz et al., 431 
2015). Between- and within-population analyses in the present study suggest that sex-specific 432 
costs of reproduction contribute to skeletal sexual dimorphism, and that sexually dimorphic 433 
responses to reproduction manifest early in adulthood, depending on age at first birth and birth 434 
spacing (Madimenos et al., 2012; J. Stieglitz et al., 2015). 435 
That Tsimane fracture prevalence is higher versus a comparative American sample 436 
(Figure 3 and Appendix-Tables 8-11) may be surprising in light of the presumably protective 437 
higher lifetime moderate physical activity of Tsimane (Michael Gurven et al., 2013), and their 438 
minimal exposure to other osteoporosis risk factors found in industrialized societies (e.g. 439 
glucocorticoid therapy, excessive smoking or alcohol consumption). By restricting the Tsimane 440 
sample to older adults (aged 40+ years) we minimize potential for cohort effects related to 441 
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changing lifestyles associated with modernization. This is supported by the fact that study 442 
findings hold even after controlling for modernization indicators, which are not associated with 443 
thoracic vertebral BMD or fracture risk (Appendix-Tables 5-6, 12, 15). Higher fracture 444 
prevalence among Tsimane versus Americans is noteworthy in light of relatively scant bio-445 
archaeological evidence of osteoporotic fracture prior to industrialization (Agarwal, 2008; 446 
Curate, Lopes, & Cunha, 2010) and evidence of increasing age-specific osteoporotic fracture 447 
incidence rates over time in Western populations (Cooper et al., 2011). But these results are not 448 
surprising in light of high Tsimane fertility and life history trade-offs between energetic 449 
investments in reproduction and bone growth and/or maintenance, and other factors (e.g. calcium 450 
deficiency, chronic immune activation due to high pathogen exposure) which may interact with 451 
high reproductive effort to further constrain the ability of bone tissue to respond to mechanical 452 
loading and high PALs (cf. (Armelagos et al., 1972)). 453 
The fact that Tsimane women’s vertebral BMD is inversely associated with vertebral 454 
fracture risk (cf. (Mays, 1996)) (Figure 4) suggests a major role of compromised bone strength in 455 
precipitating fracture, rather than traumatic injury of otherwise healthy bone. For Tsimane men, 456 
it is likely that trauma plays a major role in precipitating fracture due to: 1) a weak association 457 
between BMD and fracture risk (Figure 4); 2) a high fracture prevalence relative to a 458 
comparative American sample (Figure 3) despite minimal BMD differences (Figure 2); and 3) 459 
our anecdotal observations of high levels of mechanical stress on Tsimane men’s vertebrae from 460 
frequent heavy load carrying (e.g. of hunted game, timber for constructing houses). This of 461 
course does not preclude a contributing role of compromised bone strength (e.g. from micro-462 
architectural deficiencies) in precipitating Tsimane men’s fracture. Likewise, for women, the 463 
present results do not preclude a contributing role of trauma in precipitating fracture. Future 464 
research is needed to determine the extent to which women’s subsistence involvement and 465 
frequent carrying of young children and other loads (e.g. woven bags filled with harvested 466 
cultigens) influence bone structural integrity. Some of the greatest compressive vertebral loads 467 
occur when weights are carried in front of the body (Bruno et al., 2017; Rohlmann et al., 2001), 468 
which is how Tsimane women routinely carry infants and toddlers. The fact that Tsimane 469 
women’s shorter IBIs predict increased fracture risk even after adjusting for BMD, which also 470 
remains a significant predictor (Appendix-Table 13-14), suggests that shorter IBIs compromise 471 
multiple aspects of vertebral micro-architecture (e.g. trabecular thickness or connectivity 472 
density), although further research is needed to examine this possibility. 473 
 474 
Inferring behaviors underlying morphological variation in past human populations 475 
While our results do not directly address debates over the timing of and prior selection 476 
pressures underlying transition to skeletal gracility in past human populations, our results do 477 
provide insight into lifestyle factors affecting bone strength which may have been relevant 478 
during this transition. It has been hypothesized that subsistence transition from hunting and 479 
gathering to more sedentary agriculture, and increasing reliance on labor-saving technology, 480 
caused reductions in mechanical loading on bone and PALs, leading to modern human skeletal 481 
gracilization (H Chirchir, 2019; H Chirchir et al., 2015; H. Chirchir, Ruff, Junno, & Potts, 2017; 482 
C. Ruff et al., 2015; T. M. Ryan & Shaw, 2015). Increasing reliance on agriculture may have 483 
been associated with reductions in terrestrial mobility, and thus reduced mechanical loading of 484 
lower limbs, although the pace and magnitude of these changes likely varied temporally and 485 
spatially. Changes in upper body activities may have been much more variable during 486 
subsistence transitions, so upper limb loading may have actually increased with agriculture in 487 
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some regions (Bridges, 1989). Nevertheless, comparisons of skeletal remains of hunter-gatherers 488 
and either full- or part-time agriculturalists indicate among agriculturalists reduced femoral 489 
strength, as indicated by trabecular bone structure or external size dimensions (Larsen, 1981; T. 490 
M. Ryan & Shaw, 2015), and accelerated age-related decline in radial bone mineral content 491 
(Perzigian, 1973). 492 
Yet a physical inactivity explanation for modern human skeletal gracility – rooted in a 493 
subsistence transition from foraging to farming – is puzzling for several reasons. Evidence that 494 
agriculturalists are more sedentary than hunter-gatherers is not particularly strong: PALs and 495 
time allocation to work vary substantially within a subsistence regime, and both measures are 496 
actually higher among agriculturalists (Michael Gurven et al., 2013; Leonard, 2008). Moreover, 497 
children in agricultural societies generally begin work earlier than hunter-gatherer children 498 
(Kramer, 2005). This is significant because higher PALs in childhood and early adulthood, 499 
particularly for higher-impact activities producing high peak stresses, increase peak bone mass, 500 
size and later-life bone strength (e.g. see (Warden et al., 2014) and references therein). 501 
Furthermore, in a prospective Tsimane study we found that time spent in horticulture positively 502 
predicted ultrasound-derived indicators of radial strength (J. Stieglitz, Trumble, Kaplan, & 503 
Gurven, 2017), whereas tibial strength was not predicted by extent of involvement in any 504 
subsistence activity including hunting. While various studies show reduced lower limb strength 505 
among agriculturalists relative to pre-agriculturalists, as indicated by cross-sectional diaphyseal 506 
structure of cortical bone or trabecular bone volume fraction or thickness (May & Ruff, 2016; 507 
Saers, Cazorla-Bak, Shaw, Stock, & Ryan, 2016), other studies using similar diaphyseal 508 
structural properties or external size dimensions show no differences in limb strength or 509 
dissimilar patterns by subsistence regime (Bridges, 1989; C. B. Ruff, 1999). Taken together, 510 
these observations create uncertainty over the timing of and selection pressures underlying 511 
modern human skeletal gracility. This uncertainty is exacerbated given evidence of sex-specific 512 
skeletal responses to mechanical loading and physical activity (Bridges, 1989; Alison A. 513 
Macintosh et al., 2017; C. B. Ruff, 1999). Additional sex-specific factors may have contributed 514 
to skeletal gracility during transition to farming, either independently and/or in interaction with 515 
PALs. 516 
Our results instead suggest that fertility increases associated with subsistence transition 517 
from foraging to farming (Bentley, Goldberg, & Jasieńska, 1993) contributed to modern human 518 
skeletal gracility, particularly for women. Numerous proximate determinants have been proposed 519 
to explain fertility increases that accompanied greater energetic surpluses from agriculture, 520 
including earlier age of menarche and first birth, and shorter IBIs (e.g. due to earlier weaning and 521 
supplementary infant feeding) (e.g. (Campbell & Wood, 1988)). Regardless of proximate fertility 522 
determinants, given the trade-off between energetic investment in reproduction and somatic 523 
maintenance, our results suggest that women’s skeletons were especially susceptible to 524 
gracilization during subsistence transition from foraging to farming in light of the associated 525 
increases in fertility, and reduced mobility resulting from increased fertility (cf. (Hurtado et al., 526 
1992)). Sex-specific mechanisms beyond menopause underlying skeletal gracility during this 527 
subsistence transition should thus be considered, in addition to explanations emphasizing 528 
increased sedentism, reliance on labor-saving technology and associated reductions in 529 
mechanical loading on bone. Nevertheless, since skeletal gracilization is observed in both sexes 530 
during this subsistence transition (C. Ruff et al., 2015), any explanation solely resting on changes 531 
in reproductive effort cannot explain these morphological changes in men. 532 
 533 
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Study limitations 534 
The cross-sectional study design using retrospective demographic data limits our ability 535 
to establish that greater reproductive effort causes BMD reductions and fracture. The results 536 
presented here may thus be consistent with alternative interpretations derived from life history 537 
theory or proximate explanations, although such alternatives must address the observed 538 
population-level sex differences. Another limitation is that our measures of reproductive effort 539 
are indirect measures of reproductive costs, and we lack data on lactation duration or intensity. 540 
However, all Tsimane women breastfeed their infants and it is common for women to breastfeed 541 
exclusively for about four months (no study participant bottle fed an infant). We also lack 542 
estimates of vertebral size and geometry, which affect vertebral strength, and we lack individual-543 
level data on activity level, nutrient intake and pathogen burden for population-level 544 
comparisons of BMD and fracture prevalence and severity. We also do not consider whether 545 
genetic diversity determines heterogeneity in BMD or fracture prevalence. Bone strength 546 
indicators such as BMD and fracture are heritable and the frequency of alleles affecting BMD 547 
differs between ethnically distinct populations (see (Wallace et al., 2016) and references therein). 548 
But while genetic factors can account for a sizable portion of variance in bone strength within 549 
populations, there is little evidence that heterogeneity in bone strength between populations is 550 
due to stochastic genetic diversity. 551 
 552 
Conclusion 553 
This study examines direct indicators of bone strength from a clinically and mechanically 554 
relevant anatomic region using in vivo imaging in a physically active population with high 555 
fertility. Results suggest a trade-off between reproductive effort and bone strength, and that 556 
greater reproductive effort constrains the ability of bone tissue to respond to mechanical loading 557 
and high physical activity. Results also raise the possibility that increased fertility associated 558 
with subsistence transition from foraging to farming promoted modern human skeletal gracility, 559 
particularly among women. Because of the complex nature of lifestyle transformations during 560 
subsistence transitions, including apparent increases in infectious disease, nutritional deficiencies 561 
and dental decay (Cohen & Armelagos, 1984), an expanded conceptual framework incorporating 562 
diverse lifestyle factors that may constrain the ability of bone to respond to mechanical loading 563 
(e.g. high fertility, nutrient deficiency, infection-induced inflammation (Madimenos et al., 2012; 564 
J. Stieglitz et al., 2015; Jonathan Stieglitz et al., 2016)) can improve our understanding of 565 
morphological transformations associated with transition to farming. Of course, our ability to 566 
make inferences about the past using data collected in contemporary populations is limited. 567 
Tsimane are neither “pure” hunter-gatherers nor agriculturalists, and they may differ in important 568 
ways from ancestral human populations in terms of residential mobility, fertility, diet and disease 569 
exposures. Yet no single population represents the range of experiences across different 570 
environments that shaped the evolution of our species over the millennia in which ecologies 571 
fluctuated. In vivo study of bone strength in well-characterized, population-representative, non-572 
industrialized societies provides an opportunity to examine lifestyle factors that are often 573 
invisible to bio-archaeological inquiry but nonetheless relevant to understanding selection 574 
pressures over human history. 575 
 576 
MATERIALS AND METHODS 577 
Study population 578 
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Tsimane forager-horticulturalists of lowland Bolivia are semi-sedentary and live in >90 579 
villages. Their diet consists of cultigens grown in small swiddens (62% of total calories; mostly 580 
plantains [60% of cultigen-derived calories], rice, sweet manioc and corn), freshwater fish 581 
(16%), meat from hunting and domesticated animals (14%), market foods (8%; mostly pasta 582 
[55% of market-derived calories]) and wild fruit and vegetables (<1%) (Kraft et al., 2018). 583 
Relative to Western dietary recommendations calcium intake is low (~240 mg/day), but intake of 584 
other bone-forming minerals is ample (magnesium: ~525 mg/day; zinc: ~14 mg/day) or high 585 
(phosphorus: ~1,550 mg/day). Women’s PAL is in the “moderate to active” range (PAL=1.7-1.9) 586 
and remains constant throughout adulthood. Men’s PAL is “vigorously active” (PAL=2.0-2.2), 587 
and declines by 10-20% from the peak (in the late 20s) to older adulthood (age 60+ years) 588 
(Michael Gurven et al., 2013). 589 
 590 
Study design and participants 591 
The Tsimane sample includes all individuals who met the inclusion criteria of self-592 
identifying as Tsimane and who were aged 40+ years (n=507; 48% female; age range: 41-94 593 
years; see Appendix for additional details and Appendix-Table 18 for descriptives of all study 594 
variables). 185 of the 245 participating women (76%) were post-menopausal. No participant 595 
reported ever using hormonal contraception or dietary supplements with consistency. No 596 
Tsimane was excluded based on any health condition that can affect BMD or fracture risk. 597 
Comparative American BMD data were collected among asymptomatic subjects from 598 
greater Los Angeles as part of a different study (described in (Budoff et al., 2010)). Briefly, 599 
9,585 subjects (43% female; mean age=56) underwent coronary artery calcification (CAC) 600 
scanning for evaluation of subclinical atherosclerosis, after exclusion of participants with 601 
vertebral deformities or fractures. Subjects had no known bone disease (see Appendix-Table 7 602 
for additional details). Two American data sources are used to compare Tsimane and American 603 
fracture prevalence: a subset from the MESA study (Budoff et al., 2011) and a subset reported in 604 
(Budoff et al., 2013) (see Appendix-Table 8 for additional details); data from these American 605 
subsets were matched to Tsimane by age, sex and weight (±5 kg), and then merged to create a 606 
single American comparison sample. 607 
Institutional IRB approval was granted by UNM (HRRC # 07-157) and UCSB (# 3-16-608 
0766) for the Tsimane research, as was informed consent at three levels: (1) Tsimane 609 
government that oversees research projects, (2) village leadership and (3) study participants. 610 
 611 
Thoracic computed tomography (CT) 612 
Tsimane CT scans were conducted at the Hospital Presidente German Busch in Trinidad, 613 
Bolivia using a 16-detector row scanner (GE Brightspeed, Milwaukee, WI, USA). A licensed 614 
radiology technician acquired a single, ECG-gated non-contrast thoracic scan as part of a broader 615 
project on atherosclerosis, including CAC assessment (see (Kaplan et al., 2017) and Appendix 616 
for additional details). Typical multi-detector CT protocols used for evaluation of CAC include 617 
imaging the mid-thoracic spine in the reconstructed field of view, facilitating simultaneous 618 
evaluation of thoracic vertebrae during a single examination without additional radiation 619 
exposure. Tsimane CT settings were: 250 ms exposure, 2.5 mm slice thickness, 0.5 second 620 
rotation speed, 120 kVp, and 40 mA with prospective triggering. Refer to the Appendix for 621 
details on CT parameters for the comparative American samples; American CT data were all 622 
collected at the same institute (Los Angeles Biomedical Research Institute). 623 
Thoracic vertebral bone mineral density (BMD) 624 
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Vertebral BMD was measured manually in each of three consecutive thoracic vertebrae 625 
(T7-T10 range) by a radiologist with 20+ years of experience (see Appendix for additional 626 
details). BMD measurement started at the level of the section that contained the left main 627 
coronary artery (LMCA) caudally (beginning at either T7 or T8, depending on the origin of the 628 
LMCA). The center of the region of interest was located at the center of each vertebrae, with a 629 
2–3 mm distance from the cortical shell; this distance ensured that BMD measurements within 630 
the vertebral body excluded the cortical bone of the vertebral shell. For each vertebrae the 631 
radiologist manually positioned a circular region of interest while demarcating cortical from 632 
trabecular bone based on visual inspection. Any area with large vessels, bone island fractures and 633 
calcified herniated disks were excluded as much as possible from the region of interest with use 634 
of the manual free tracing protocol. Mean BMD for the three consecutive thoracic vertebrae was 635 
then calculated. This BMD measure is strongly positively correlated (Pearson r’s >0.9) with 636 
lumbar vertebral BMD (Budoff et al., 2012). CT-derived BMD estimates can be obtained with 637 
and without calibration phantoms. Phantomless BMD estimates correlate strongly (Pearson 638 
r=0.99) with standard phantom-based CT BMD estimates (Budoff et al., 2013). Hounsfield units 639 
were converted to BMD (mg/cm
3
) using a calibration phantom of known density or a scanner-640 
specific mean calibration factor for the T7-T10 vertebrae from scans performed without the 641 
phantom. All BMD measurements used in this study were performed at the Los Angeles 642 
Biomedical Research Institute. 643 
 644 
Thoracic vertebral fracture 645 
For each subject the radiologist classified seven vertebrae (T6-T12) according to 646 
Genant’s semi-quantitative technique (GST) (Genant, Wu, van Kuijk, & Nevitt, 1993). While 647 
there is no consensus regarding the radiologic definition of vertebral fracture, the GST provides 648 
highly reproducible diagnosis of fractures, is the current clinical technique of choice for 649 
diagnosing fracture, and is the most widely used technique for identifying fracture (Shepherd, 650 
Schousboe, Broy, Engelke, & Leslie, 2015). Based on visual inspection, each vertebra is rated 651 
according to severity of loss of vertebral height and other qualitative features, including 652 
alterations in shape and configuration of the vertebra relative to adjacent vertebrae and expected 653 
normal appearances. Each vertebra is classified into one of five categories: normal (grade 0); 654 
mild fracture (grade 1; approximately 20-25% reduction in anterior, middle, and/or posterior 655 
vertebral height, and a 10–20% reduction in projected vertebral area); moderate fracture (grade 656 
2; 25-40% reduction in any height and a 20–40% reduction in area); and severe fracture (grade 3; 657 
>40% reduction in any height and area). A grade 0.5 indicates borderline deformed vertebra 658 
(<20% reduction in any height) that is not considered to be a definitive fracture (see Appendix 659 
for additional details). Each subject is assigned one grade representing a summary measure of all 660 
seven vertebrae. Subjects with >1 vertebral deformity are classified according to their most 661 
severe deformity. Subjects are considered to present vertebral fracture if any vertebral body is 662 
graded at least mildly deformed (i.e. grade ≥1); subjects are considered to present no fracture if 663 
graded 0 or 0.5. Given recent analyses (Lentle et al., 2018) showing lower observer agreement 664 
for mild fractures (the most common) relative to moderate and severe fractures, we repeat 665 
analyses using a more conservative fracture definition (i.e. grade≥2). All fracture measurements 666 
used in this study were performed at the Los Angeles Biomedical Research Institute. 667 
 668 
Socio-demographics and anthropometrics 669 
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Individuals for whom reliable ages could not be ascertained are not included in analyses 670 
(see Appendix for additional details). Reproductive histories were elicited in the Tsimane 671 
language. IBI refers to the number of months between live births for women with ≥2 live births. 672 
Self-reported ages at menarche and menopause were recorded during medical exams conducted 673 
by physicians of the Tsimane Health and Life History Project (THLHP). During annual THLHP 674 
census updates we also coded for each participant their village of residence (from which we 675 
derived via GPS residential proximity to the closest market town of San Borja), self-reported 676 
Spanish fluency (0=none; 1=moderate; 2=fluent) and schooling (# years) as indicators of 677 
modernization. 678 
Height and weight were measured during THLHP medical exams using a Seca 679 
stadiometer (Road Rod) and Tanita scale (BC-1500). The scale uses a method of bioelectrical 680 
impedance analysis to estimate percent body fat. Using weight and percent body fat we 681 
calculated fat mass (weight*percent body fat) and fat-free mass (weight – fat mass). 682 
 683 
Data analysis 684 
The two outcome variables indicating bone strength are thoracic vertebral BMD and 685 
thoracic vertebral fracture. Sexes are analyzed separately given the sex-specific nature of 686 
hypotheses and to minimize confounding by unobserved factors. General linear models are used 687 
to test for associations between Tsimane women’s BMD and reproductive effort (see Appendix 688 
for additional details). We compared BMD of Tsimane and age- and sex-matched Americans 689 
using age-standardized means. We use a parametric test (one sample t test) to evaluate whether 690 
population-level differences in mean BMD within each decade are significant (p<0.05), 691 
specifying as the test value the US means published in (Budoff et al., 2010). We compare 692 
Tsimane and American fracture prevalence using age-standardized values, and using log-693 
binomial generalized linear models (GLMs). GLMs are used to test for effects of BMD and 694 
women’s reproductive effort on the probability of fracture. Both continuous and categorical (e.g. 695 
median split) measures of reproductive effort are used to analyze their associations with BMD 696 
and fracture risk. Unless otherwise noted, anthropometric and socio-demographic covariates are 697 
included in a stepwise fashion in regressions (see Appendix for descriptive analyses of Tsimane 698 
BMD by age and sex, and by anthropometrics [Appendix-Tables 19-20]). Participants with any 699 
missing values are removed from analyses. 700 
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APPENDIX 
 
ADDITIONAL RESULTS 927 
Tsimane women’s thoracic vertebral BMD declines with early age at first birth and short IBI 
 
Appendix-Table 1. General linear model: effect of age at first birth on thoracic vertebral BMD 928 
for Tsimane women. 929 
Parameter Std. β p 
Age at 1
st
 birth (years, logged
a
) 0.099 0.036 
Age (years) -0.665 <0.001 
Fat-free mass (kg) 0.106 0.031 
   
Adjusted R
2
 0.508  
N 213  
aAge at first birth is not normally distributed and is thus log-transformed (Std. βAge at 1st birth [years]=0.110, p=0.019, 
controlling for age and fat-free mass). 
 
 
 
 930 
 931 
 932 
Appendix-Table 2. General linear models: effects of parity and age at first birth on thoracic 933 
vertebral BMD for Tsimane women. Continuous and categorical parity measures (models 1-2, 934 
respectively) were added to the baseline model shown in Appendix-Table 1. 935 
 Model 1: continuous 
parity measure 
Model 2: categorical parity 
measure 
Parameter Std. β p Std. β p 
# births
a 
-0.069 0.216 ----- ----- 
>9 births (vs. ≤9 birthsb) ----- ----- -0.123 0.219 
Age at 1
st
 birth (years, logged) 0.075 0.145 0.081 0.105 
Age (years) -0.656 <0.001 -0.655 <0.001 
Fat-free mass (kg) 0.108 0.028 0.114 0.021 
     
Adjusted R
2
 0.509  0.509  
N 213  213  
aLogging # births does not substantively affect results. 936 
bSubstituting other categorical measures of parity (e.g. quartiles) does not substantively affect results. 937 
 938 
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Appendix-Table 3. General linear models: effects of mean IBI, parity and age at first birth on thoracic vertebral BMD 
for Tsimane women. Continuous and categorical mean IBI measures (models 1-2 and models 3-4, respectively) were 
added to the models presented in Appendix-Table 2. Variance inflation factors (all <1.6) do not indicate a high degree of 
multicollinearity. 
 Model 1 Model 2 Model 3 Model 4 
Parameter Std. β p Std. β p Std. β p Std. β p 
Mean IBI (months
a
) 0.074 0.246 0.074 0.185 ----- ----- ----- ----- 
Short mean IBI (<29.7 months; vs. ≥29.7b) ----- ----- ----- ----- -0.185 0.084 -0.184 0.075 
# births -0.025 0.717 ----- ----- -0.019 0.774 ----- ----- 
>9 births (vs. ≤9 births) ----- ----- -0.068 0.528 ----- ----- -0.041 0.712 
Age at 1
st
 birth (years, logged) 0.090 0.092 0.089 0.076 0.102 0.060 0.102 0.046 
Age (years) -0.664 <0.001 -0.661 <0.001 -0.661 <0.001 -0.659 <0.001 
Fat-free mass (kg) 0.107 0.029 0.111 0.025 0.106 0.031 0.108 0.029 
         
Adjusted R
2
 0.510  0.511  0.514  0.514  
N 212  212  212  212  
aLogging mean IBI does not substantively affect results. 
bMean IBI is not calculated for parous women with only one birth (n=1), hence the reduction in sample size relative to Appendix-Tables 1-2. 
 939 
 940 
 941 
 942 
 943 
 944 
 945 
Appendix-Table 4. General linear model: reduced form including only significant (p<0.05) 946 
predictors of Tsimane women’s thoracic vertebral BMD. 947 
Parameter Std. β p 
Short mean IBI (<29.7 months; vs. ≥29.7) -0.201 0.032 
Age at 1
st
 birth (years, logged) 0.109 0.022 
Age (years) -0.663 <0.001 
Fat-free mass (kg) 0.105 0.031 
   
Adjusted R
2
 0.517  
N 212  
 948 
 949 
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Appendix 1-Figure 1. Estimated marginal mean thoracic vertebral BMD (SD units; 95% CI) by 950 
mean IBI and age at first birth (n=212 Tsimane women). Values are obtained from a general 951 
linear model including the following parameters: mean IBI<29.7 months dummy, age at first 952 
birth<18 years dummy, mean IBI<29.7 months dummy*age at first birth<18 years dummy, age, 953 
and fat-free mass. Mean IBI<29.7 months dummy*age at first birth<18 years dummy interaction 954 
p=0.027. Controls (age and fat-free mass) are held at sample means. 955 
 956 
 957 
 958 
 959 
 
 
 
 960 
 961 
 962 
 963 
 964 
 965 
 966 
 967 
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 968 
 969 
 970 
Appendix-Table 5. General linear models: reduced model shown in Appendix-Table 4 also controlling for 
indicators of modernization, i.e., residential proximity to the closest market town of San Borja (models 1-3), 
Spanish fluency (model 2) and schooling (model 3). 
 Model 1 Model 2 Model 3 
Parameter Std. β P Std. β p Std. β p 
Short mean IBI (<29.7 months; vs. ≥29.7) -0.208 0.026 -0.222 0.020 -0.213 0.026 
Age at 1
st
 birth (years, logged) 0.124 0.010 0.141 0.004 0.139 0.005 
Age (years) -0.665 <0.001 -0.673 <0.001 -0.675 <0.001 
Fat-free mass (kg) 0.105 0.031 0.112 0.023 0.113 0.022 
Close residential proximity to market town 
(<34.7 km; vs. ≥34.7a) 
0.165 0.080 0.147 0.126 0.157 0.102 
Spanish fluency (moderate or high vs. none
b
) ----- ----- -0.006 0.954 ----- ----- 
Schooling (any vs. none
b
) ----- ----- ----- ----- 0.022 0.853 
       
Adjusted R
2
 0.521  0.521  0.522  
N 212  207  207  
aMedian split. 
bData are missing for five women. 
 
 
 
 
Appendix-Table 6. General linear models: reduced model shown in Appendix-Table 4 also controlling for 
residential proximity to the closest market town of San Borja (models 1-2), young age at menarche (model 
1) and young age at menopause (model 2). 
 Model 1 Model 2 
Parameter Std. β p Std. β p 
Short mean IBI (<29.7 months; vs. ≥29.7) -0.177 0.068 -0.250 0.020 
Age at 1
st
 birth (years, logged) 0.132 0.008 0.163 0.002 
Age (years) -0.659 <0.001 -0.676 <0.001 
Fat-free mass (kg) 0.133 0.009 0.136 0.017 
Close residential proximity to market town 
(<34.7 km; vs. ≥34.7) 
0.112 0.253 0.078 0.464 
Young age at menarche  
(<13.3 years vs. ≥13.3a,b) 
0.008 0.933 ----- ----- 
Young age at menopause  
(<50 years vs. ≥50a,c) 
----- ----- -0.176 0.120 
     
Adjusted R
2
 0.543  0.559  
N 188  152  
aMedian split. 
bData are missing for 24 women. 
cSome women either haven’t yet experienced menopause or cannot recall when they experienced menopause, hence the 
reduction in sample size for model 2. 
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 973 
Tsimane thoracic vertebral BMD is lower versus Americans, but only for women 974 
 975 
Appendix-Table 7. Mean thoracic vertebral BMD (mg/cm
3
) for Tsimane vs. Americans
a
 by age category and sex. 
Significant (p<0.05) and marginally significant (p<0.1) population-level differences are highlighted in dark and light 
gray, respectively. 
Age 
category 
(years) 
Women Men Total 
 Tsimane 
(N) 
US
c
 
(N) 
% 
difference 
(from US 
baseline)
d
 
Tsimane 
(N) 
US
c
  
(N) 
% 
difference 
(from US 
baseline)
d
 
Tsimane 
(N) 
US
c
  
(N) 
% 
difference 
(from US 
baseline)
d
 
40-49 192.89 
(80) 
204.33 
(492) 
-5.60 
(p=0.004) 
192.33 
(77) 
194.32 
(895) 
-1.02 
(p=0.547) 
192.62 
(157) 
197.87 
(1387) 
-2.65 
(p=0.040) 
50-59 160.43 
(89) 
177.79 
(1164) 
-9.76 
(p<0.001) 
180.06 
(98) 
173.13 
(1708) 
4.00 
(p=0.027) 
170.72 
(187) 
175.02 
(2872) 
-2.46 
(p=0.076) 
60-69 132.79 
(49) 
153.90 
(1204) 
-13.72 
(p=0.001) 
150.26 
(56) 
158.46 
(1422) 
-5.18 
(p=0.069) 
142.11 
(105) 
156.37 
(2626) 
-9.12 
(p<0.001) 
≥70b 103.29 
(27) 
127.14 
(1048) 
-18.76 
(p<0.001) 
135.82 
(31) 
139.27 
(1097) 
-2.48 
(p=0.543) 
120.68 
(58) 
133.34 
(2145) 
-9.50 
(p=0.005) 
Total
e
 163.85 
(245) 
179.91 
(3908) 
-8.93 
(-----) 
176.21 
(262) 
176.64 
(5122) 
-0.24 
(-----) 
170.37 
(507) 
177.61 
(9030) 
-4.08 
(-----) 
aUS data represent asymptomatic subjects from greater Los Angeles (described in (Budoff et al., 2010)). Briefly, 9,585 subjects (43% female; 
mean age=56) underwent coronary artery calcification (CAC) scanning for evaluation of subclinical atherosclerosis, after exclusion of 
participants with vertebral deformities or fractures. Subjects had no known bone disease. 
bMaximum age for Tsimane women and men=91 and 94 years, respectively (US maximum age=90 for both sexes). 
cUS means are weighted by sample sizes (shown in Table 1 of (Budoff et al., 2010)). This table reports age sub-groups in two-year intervals (e.g. 
41-42, 43-44, etc.); for two-year intervals spanning multiple decades that overlap with the age categories shown in this table (i.e. 39-40, 49-50, 
59-60 and 69-70), we assume that each year of the two-year interval contributes 50% of the sample. 
dP-value from a one-sample t test, including as the test value the weighted mean from (Budoff et al., 2010). 
eAge-standardized means are shown to account for differences in age distributions across populations. We use the Tsimane adult age distribution 
(calculated from the 2015 THLHP census) as the standard. To calculate age-standardized means, means for each age category and population 
(i.e. unadjusted means for Tsimane and weighted means for US) are multiplied by the proportional representation of that age category in the 
2015 THLHP census, and then summed across all age categories. 
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Tsimane thoracic vertebral fracture prevalence is higher versus Americans 990 
 991 
 992 
Appendix-Table 8. Age-specific thoracic vertebral (T6-T12) fracture prevalence (% with fracture 
grade≥1) for Tsimane vs. Americansa by sexb. 
Age category (years) Women (n=491) Men (n=524) Total (n=1,015) 
 Tsimane 
(95% CI) 
US  
(95% CI) 
Tsimane 
(95% CI) 
US  
(95% CI) 
Tsimane  
(95% CI) 
US 
(95% CI) 
40-49 14 (6-21) 4 (<1-8) 34 (23-45) 12 (4-19) 24 (17-30) 8 (3-12) 
50-59 25 (16-34) 15 (7-23) 37 (27-46) 9 (4-15) 31 (24-38) 12 (7-16) 
60-69 20 (9-32) 13 (4-22) 36 (23-49) 11 (2-20) 29 (20-37) 12 (6-18) 
≥70c 15 (<1-29) 9 (<1-21) 43 (25-62) 16 (2-29) 30 (18-42) 13 (4-22) 
Total (crude) 19 (14-24) 11 (7-14) 36 (31-42) 11 (7-15) 28 (24-32) 11 (8-14) 
Total (age-standardizedd) 18 9 36 11 27 10 
aUS data are from two sources: 1) a subset of MESA study participants (described in (Budoff et al., 2011)), and 2) a subset of 
study participants in the greater Los Angeles area (described in (Budoff et al., 2013)). Briefly, the MESA cohort is a 
longitudinal, population-based study of 6,814 adults (54% female; mean age=62) free of clinical cardiovascular disease, 
representing six areas in the US: Baltimore, MD, Chicago, IL, Forsyth County, NC, Los Angeles, CA, New York, NY, and 
St. Paul, MN. Regarding participants from the greater Los Angeles area, data were collected among 4,126 asymptomatic 
subjects (51% female; mean age=64) who underwent CAC scanning for evaluation of subclinical atherosclerosis. MESA and 
Los Angeles-only subsets were first matched for age and sex with the Tsimane sample, and then merged to create a single US 
comparison sample. 
bFor women (n=245 Tsimane and 246 US), sample sizes for ages 40-49 are 80 Tsimane and 77 US, for ages 50-59 89 Tsimane 
and 86 US, for ages 60-69 49 Tsimane and 60 US, and for ages 70+ 27 Tsimane and 23 US. For men (n=261 Tsimane and 
263 US), sample sizes for ages 40-49 are 77 Tsimane and 69 US, for ages 50-59 98 Tsimane and 108 US, for ages 60-69 56 
Tsimane and 54 US, and for ages 70+ 30 Tsimane and 32 US. 
cMaximum age for Tsimane women and men=91 and 94 years, respectively. Maximum age for US women and men=92 and 91 
years, respectively. 
dAge-standardized prevalences are shown to account for differences in age distributions across populations. We use the 
Tsimane adult age distribution (calculated from the 2015 THLHP census) as the standard. Prevalence for each age category 
and population is multiplied by the proportional representation of that age category in the 2015 THLHP census, and then 
summed across all age categories. 
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Appendix-Table 9. Age-specific thoracic vertebral (T6-T12) fracture prevalence (% with fracture 
grade≥2) for Tsimane vs. Americans by sex. 
Age category (years) Women (n=491) Men (n=524) Total (n=1,015) 
 Tsimane 
(95% CI) 
US  
(95% CI) 
Tsimane 
(95% CI) 
US  
(95% CI) 
Tsimane  
(95% CI) 
US 
(95% CI) 
40-49 5 (<1-10) 0 (--) 5 (<1-10) 1 (<1-4) 5 (2-9) 1 (<1-2) 
50-59 8 (2-14) 3 (<1-7) 14 (7-21) 2 (<1-4) 11 (7-16) 3 (<1-5) 
60-69 4 (<1-10) 3 (<1-8) 9 (1-17) 7 (<1-15) 7 (2-12) 5 (1-9) 
≥70 11 (<1-24) 4 (<1-13) 23 (7-39) 3 (<1-9) 18 (7-28) 4 (<1-9) 
Total (crude) 7 (3-10) 2 (<1-4) 11 (8-15) 3 (1-5) 9 (7-12) 3 (1-4) 
Total (age-standardized) 6 2 10 2 8 3 
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Appendix-Table 10. Log-binomial generalized linear models: women’s adjusted relative risk of 999 
fracture (95% CI) controlling for age by population and fracture grade (n=491). 1000 
Parameter Model 1 
outcome: 
grade 0.5 
fracture 
(borderline) 
Model 2 
outcome: 
grade 1 
fracture 
(mild) 
Model 3 
outcome: 
grade 2 
fracture 
(moderate) 
Model 4 
outcome: 
grade 3 
fracture 
(severe) 
Tsimane  
(vs. American) 
1.14  
(0.80-1.64) 
1.56¶ 
(0.91-2.65) 
3.01* 
(1.11-8.17) 
1.33 
(0.09-18.92) 
Age (per SD increase) 1.04  
(0.87-1.23) 
1.05 
(0.82-1.34) 
1.02 
(0.68-1.55) 
6.26** 
(1.46-26.79) 
**p≤0.01     *p≤0.05     ¶p≤0.1 1001 
 1002 
 1003 
Appendix-Table 11. Log-binomial generalized linear models: men’s adjusted relative risk of 1004 
thoracic vertebral (T6-T12) fracture (95% CI) controlling for age by population and fracture 1005 
grade (n=524). 1006 
Parameter Model 1 
outcome: 
grade 0.5 
fracture 
(borderline) 
Model 2 
outcome: 
grade 1 
fracture 
(mild) 
Model 3 
outcome: 
grade 2 
fracture 
(moderate) 
Model 4 
outcome: 
grade 3 
fracture 
(severe) 
Tsimane  
(vs. American) 
2.27*** 
(1.58-3.27) 
3.12*** 
(1.97-4.95) 
4.70*** 
(1.98-11.17) 
1.48 
(0.21-10.63) 
Age (per SD increase) 0.88 
(0.74-1.04) 
0.99 
(0.81-1.19) 
1.16 
(0.86-1.56) 
4.79*** 
(1.94-11.81) 
***p≤0.001     **p≤0.01     *p≤0.05     ¶p≤0.1 1007 
 1008 
 1009 
 1010 
 1011 
 1012 
 1013 
 1014 
 1015 
 1016 
 1017 
 1018 
 1019 
 1020 
 1021 
 1022 
 1023 
 1024 
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Lower thoracic vertebral BMD increases risk of thoracic vertebral fracture among Tsimane, 1027 
particularly for women. Short IBI additionally increases Tsimane women’s fracture risk. 1028 
 1029 
 1030 
Appendix-Table 12. Sample characteristics for Tsimane women (n=245) with and without any 1031 
thoracic vertebral (T6-T12) fracture (grade≥1). Significant (p<0.05) and marginally significant 1032 
(p<0.1) differences are highlighted in dark and light gray, respectively. 1033 
 A) Fracture 
(n=47a) 
 B) No fracture  
(n=198a) 
A vs. Bb 
Variable Mean SE  Mean SE  
Thoracic vertebral BMD (mg/cm3) 142.66 5.93  163.13 3.20 p=0.006 
Age (years) 56.67 1.45  56.09 0.73 p=0.490 
Height (cm) 149.79 0.63  150.47 0.38 p=0.631 
Weight (kg) 56.07 1.71  54.40 0.68 p=0.404 
BMI (kg/m2) 24.94 0.72  23.99 0.27 p=0.355 
Body fat (%) 26.83 1.34  25.49 0.55 p=0.344 
Fat mass (kg) 15.72 1.23  14.37 0.48 p=0.403 
Fat-free mass (kg) 40.14 0.93  40.03 0.37 p=0.930 
Age at menarche (years) 13.21 0.09  13.32 0.04 p=0.352 
Age at menopause (years) 49.76 0.64  49.16 0.30 p=0.408 
Age at first birth (years) 18.49 0.67  18.91 0.28 p=0.427 
Parity (# births) 9.72 0.54  8.89 0.22 p=0.072 
Mean inter-birth interval (months) 30.69 2.61  34.34 1.17 p=0.010 
Residential proximity to market (km) 49.01 5.28  50.63 2.71 p=0.955 
Spanish fluency (1=fluent/moderate; 0=none) 0.24 0.07  0.37 0.04 p=0.114 
Schooling (# years) 0.36 0.15  0.59 0.10 p=0.318 
aRepresents maximum possible sample size (i.e. no missing data). 1034 
bP-value from Mann-Whitney U or χ² test. 1035 
 1036 
 1037 
 1038 
 1039 
Appendix-Table 13. Log-binomial generalized linear models: effects of thoracic vertebral BMD (models 
1-2) and mean IBI (model 2) on the probability of thoracic vertebral (T6-T12) fracture (grade≥1) for 
Tsimane women. Relative risk (95% CI) is shown per SD increase. 
 
Model 1: controlling for age and 
anthropometrics 
Model 2: + mean IBI 
Parameter Exp(β)  95% CI p Exp(β)  95% CI p 
Thoracic vertebral BMD (mg/cm3) 0.542 0.352-0.837 0.006 0.540 0.345-0.845 0.007 
Mean IBI (months) ----- ----- ----- 0.379 0.165-0.866 0.021 
Age (years) 0.676 0.449-1.017 0.061 0.640 0.423-0.968 0.034 
Height (cm) 0.868 0.660-1.141 0.310 0.881 0.662-1.172 0.385 
Fat mass (kg) 1.278 0.978-1.670 0.073 1.291 1.006-1.658 0.045 
       
N 219   212   
 1040 
 1041 
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Appendix-Table 14. Log-binomial generalized linear models: effects of thoracic vertebral BMD 1044 
and mean IBI on the probability of thoracic vertebral (T6-T12) fracture for Tsimane women 1045 
(n=212) by fracture grade. Grade 3 (severe) fracture risk is not modeled because no grade 3 cases 1046 
are present for the sample of women with complete data. Relative risk (95% CI) is shown per SD 1047 
increase. 1048 
Parameter Model 1 outcome: 
grade 0.5 fracture 
(borderline) 
Model 2 outcome: 
grade 1 fracture 
(mild) 
Model 3 outcome: 
grade 2 fracture 
(moderate) 
Thoracic vertebral BMD (mg/cm3) 0.92 
(0.62-1.36) 
0.73 
(0.43-1.24) 
0.27** 
(0.10-0.71) 
Mean IBI (months) 1.02 
(0.81-1.29) 
0.33* 
(0.12-0.93) 
0.49 
(0.09-2.72) 
Age (years) 1.06 
(0.76-1.49) 
0.85 
(0.51-1.41) 
0.34** 
(0.16-0.72) 
Height (cm) 1.01 
(0.76-1.34) 
1.00 
(0.71-1.40) 
0.63 
(0.32-1.25) 
Fat mass (kg) 0.77¶ 
(0.57-1.05) 
1.26¶ 
(0.97-1.63) 
1.25 
(0.64-2.45) 
**p≤0.01     *p≤0.05     ¶p≤0.1 1049 
 1050 
 1051 
 1052 
 1053 
Appendix-Table 15. Sample characteristics for Tsimane men (n=261) with and without any thoracic 1054 
vertebral (T6-T12) fracture (grade≥1). Significant (p<0.05) and marginally significant (p<0.1) 1055 
differences are highlighted in dark and light gray, respectively. 1056 
 A) Fracture 
(n=95a) 
 B) No fracture  
(n=166a) 
A vs. Bb 
Variable Mean SE  Mean SE  
Thoracic vertebral BMD (mg/cm3) 169.61 3.84  173.64 2.80 p=0.454 
Age (years) 57.04 1.07  55.74 0.71 p=0.392 
Height (cm) 160.60 0.53  161.86 0.43 p=0.034 
Weight (kg) 63.33 0.94  61.96 0.57 p=0.303 
BMI (kg/m2) 24.49 0.29  23.63 0.19 p=0.014 
Body fat (%) 19.05 0.76  16.80 0.46 p=0.026 
Fat mass (kg) 12.46 0.63  10.56 0.35 p=0.034 
Fat-free mass (kg) 51.22 0.68  51.39 0.47 p=0.936 
Residential proximity to market (km) 51.28 3.80  56.60 3.07 p=0.315 
Spanish fluency (1=fluent/moderate; 0=none) 0.77 0.05  0.82 0.03 p=0.404 
Schooling (# years) 2.02 0.38  1.70 0.24 p=0.639 
aRepresents maximum possible sample size (i.e. no missing data). 1057 
bP-value from Mann-Whitney U or χ² test. 1058 
 1059 
 1060 
 1061 
 1062 
 1063 
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Appendix-Table 16. Log-binomial generalized linear model: effect of thoracic vertebral BMD on 1066 
the probability of thoracic vertebral (T6-T12) fracture (grade≥1) for Tsimane men (n=227a). 1067 
Relative risk (95% CI) is shown per SD increase.    1068 
Parameter Exp(β)  95% CI p 
Thoracic vertebral BMD (mg/cm3) 1.046 0.862-1.269 0.650 
Age (years) 1.010 0.822-1.241 0.924 
Height (cm) 0.822 0.701-0.963 0.015 
Fat mass (kg) 1.366 1.176-1.587 <0.001 
aFracture data are missing for one man with BMD and anthropometric data. We also omitted a man whose height 1069 
(138.2 cm) was 4.3 SDs below the mean. 1070 
 
 
 
 
Appendix-Table 17. Log-binomial generalized linear models: effect of thoracic vertebral BMD on the 
probability of thoracic vertebral (T6-T12) fracture for Tsimane men by fracture grade. Relative risk (95% CI) 
is shown per SD increase. 
Parameter Model 1 outcome:  
grade 0.5 fracture 
(borderline) 
Model 2 outcome: 
grade 1 fracture 
(mild) 
Model 3 outcome: 
grade 2 fracture 
(moderate) 
Model 4 outcome: 
grade 3 fracture 
(severe) 
Thoracic vertebral BMD 
(mg/cm3) 
0.76*a 
(0.60-0.96) 
0.96 
(0.73-1.26) 
1.24a 
(0.83-1.84) 
0.49 
(0.02-11.09) 
Age (years) 0.81¶a 
(0.64-1.03) 
0.82 
(0.61-1.10) 
1.40¶a 
(0.93-2.12) 
2.87 
(0.24-34.91) 
Height (cm) 1.18¶b 
(0.98-1.42) 
0.75** 
(0.60-0.93) 
0.94c 
(0.65-1.37) 
0.70 
(0.11-4.60) 
Fat mass (kg) 0.80*a 
(0.65-0.995) 
1.41*** 
(1.15-1.73) 
1.26a 
(0.90-1.78) 
0.81 
(0.09-7.46) 
     
N 227a 227 227a 227 
***p≤0.001     **p≤0.01     *p≤0.05     ¶p≤0.1 
aModel parameters include BMD, age and fat mass (not height). Joint inclusion of both height and fat mass yields invalid estimates. 
bModel parameters include BMD (adjusted RR=0.75, 95% CI: 0.61-0.92, p=0.006), age (adjusted RR=0.84, 95% CI: 0.66-1.07, 
p=0.159) and height (not fat mass, n=253).  
cModel parameters include BMD (adjusted RR=1.21, 95% CI: 0.81-1.82, p=0.358), age (adjusted RR=1.40, 95% CI: 0.92-2.14, 
p=0.116) and height (not fat mass, n=253). 
 1071 
 1072 
ADDITIONAL MATERIALS AND METHODS 1073 
Study design and participants 1074 
Since 2002 the Tsimane (population ~16,000) have participated in the ongoing Tsimane 1075 
Health and Life History Project (THLHP; see (Michael Gurven et al., 2017) for a project 1076 
overview). All Tsimane residing in study villages are eligible to participate, and most choose to 1077 
do so at least once. Project physicians have conducted annual medical exams on Tsimane of all 1078 
ages since 2002. A mobile team of physicians, biochemists, and Tsimane research assistants 1079 
collects data in Tsimane villages on medical and reproductive histories, functional ability, and 1080 
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other aspects of lifestyle (e.g. food production and sharing), in addition to collecting biological 1081 
specimens (e.g. serum, urine, feces) among a subset. 1082 
Between July 2014 and September 2015, men and women aged 40+ years from 59 1083 
Tsimane villages were invited to participate in the CT scanning project. At the time, there were 1084 
1,214 eligible people living in these villages (the only eligibility criteria were being 40+ years 1085 
old, self-identifying as Tsimane and willing to participate). 731 individuals were present in their 1086 
villages at the time and subsequently received a CT scan. Transporting participants from their 1087 
village to the nearby market town of San Borja was logistically complicated (requiring trekking 1088 
through the forest, dug-out canoes, rafts propelled by poles pushed off the river bottom, trucks, 1089 
and cars) and can require up to two days of travel each way. From San Borja to the Beni 1090 
department capital of Trinidad (where the hospital containing the CT scanner is located) is an 1091 
additional 6-hour car ride. Due to these logistical complications, participants not in their village 1092 
at the time we arrived were not sampled. The Tsimane are semi-mobile and often build 1093 
secondary houses deep in the forest near their horticultural plots, not returning to their village for 1094 
extended periods of time. Hunting and fishing trips can last days or weeks, and some men engage 1095 
in wage labor in San Borja or elsewhere (e.g. rural cattle ranches). In an average village, 1096 
approximately one-third of individuals are away hunting, fishing, working in their horticultural 1097 
plots, or in San Borja at any given time. Additionally, a major flood in February 2014 resulted in 1098 
mass migration from some villages, and the creation of several new villages that were not 1099 
sampled as part of this study, further reducing the number individuals that could be sampled in 1100 
this study. To address potential sources of sample bias, analyses comparing Tsimane who 1101 
received CTs and those who did not but who participated in the THLHP’s medical exams in 1102 
Tsimane villages were conducted. There were no significant differences in sex, blood pressure or 1103 
body fat (see (Kaplan et al., 2017) for additional participant details) and thus the CT sample 1104 
analyzed here is thought to be representative of all Tsimane aged 40+ years. 1105 
Of the 731 Tsimane who received a CT scan, CT data from 507 (69%) were selected with 1106 
no particular criteria to estimate thoracic vertebral bone mineral density (BMD) and fracture 1107 
(scans from 224 Tsimane were not assessed due to radiologist time constraints). Among these 1108 
507 individuals, some data were missing because of either broken equipment, missing supplies, 1109 
participant recall problems, absent or sick team personnel who were unable to collect data, or 1110 
because all relevant thoracic vertebrae did not appear in the CT image field of view (see 1111 
Appendix-Table 18 for sample sizes and descriptives for all study variables). 1112 
 1113 
 1114 
 1115 
 1116 
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Appendix-Table 18. Descriptives for all study variablesa. 
Variable N Mean SD Min Max 
Thoracic vertebral BMD (mg/cm3) 507 165.85 41.27 68.91 314.99 
Any thoracic vertebral (T6-T12) fracture (% grade≥1) 506 0.28 0.45 0.00 1.00 
Age (years) 507 56.25 9.95 41.00 94.00 
Sex (% male) 507 0.52 0.50 0.00 1.00 
Height (cm) 493 156.05 7.60 136.00 176.30 
Weight (kg) 493 58.70 9.73 34.60 96.90 
BMI (kg/m2) 493 24.05 3.33 16.33 38.11 
Body fat (%) 448 21.57 8.00 5.00 46.70 
Fat mass (kg) 448 12.88 6.04 1.95 42.12 
Fat-free mass (kg) 448 45.80 7.85 27.81 73.08 
Age at menarche (years) 214 13.30 0.56 11.75 16.29 
Age at menopause (yearsb) 173 49.28 3.56 37.00 55.50 
Age at first birth (years) 235 18.83 3.91 12.00 37.00 
Parity (# live births) 245 9.05 3.27 0.00 17.00 
Mean inter-birth interval (months) 231 33.68 16.27 14.02 142.37 
Residential proximity to market (km) 507 52.62 38.22 4.71 153.61 
Spanish fluency (1=fluent/moderate; 0=none) 451 0.58 0.50 0.00 1.00 
Schooling (# years) 450 1.19 2.47 0.00 15.00 
aData were missing for various reasons (see supplementary text for details). 
b185 of the 245 participating women (76%) were post-menopausal. 12 women were post-menopausal but could not recall their age at 
menopause. The remaining 60 women (245-185) were either pre-menopausal (n=36) or missing data regarding menopausal status 
(n=24). Women were categorized as post-menopausal if they reported during THLHP medical exams not having experienced a 
menstrual cycle in the past year, and were neither pregnant nor lactating at the time of the study. 
 1117 
 1118 
 1119 
Thoracic computed tomography (CT) 1120 
Tsimane CT scans were supervised and reviewed by at least one of the HORUS study team 1121 
cardiologists and radiologists. Breath-hold instructions were given in the Tsimane language to 1122 
minimize respiratory motion artifact and misregistration (for additional methodological details 1123 
see (Kaplan et al., 2017)). 1124 
CT scanning procedures used to collect BMD data from greater Los Angeles involved 1125 
use of electron-beam CT scanners (C-300; GE-Imatron, South San Francisco, California) and a 1126 
64–detector row CT scanner (LightSpeed VCT; GE Medical Systems) at the Los Angeles 1127 
Biomedical Research Institute. Parameters for electron-beam CT scanning were 130 kVp, 630 1128 
mA, and 2.5 or 3 mm slice thickness. The multidetector CT parameters were 120 kVp, 200–600 1129 
mA, and 2.5 mm slice thickness. 156 subjects underwent scanning with electron-beam CT and 1130 
64–detector row CT on the same day for comparison and normalization of BMDs between 1131 
scanners. CT scanning to collect MESA sub-sample data, used here to assess fracture prevalence 1132 
and severity, was performed at the Los Angeles Biomedical Research Institute; procedures 1133 
involved the use of a C-150 GE-Imatron electron-beam scanner and were otherwise identical to 1134 
those described in (Budoff et al., 2010). Supplementary CT data for assessment of fracture 1135 
prevalence and severity were also collected at the Los Angeles Biomedical Research Institute 1136 
using similar parameters. 1137 
 1138 
35 
 
 1139 
 1140 
Thoracic vertebral bone mineral density (BMD) 1141 
CT-measured vertebral BMD is increasingly used for osteoporosis screening because of 1142 
its ability to provide three-dimensional information compared to traditional dual x-ray 1143 
absorptiometry two-dimensional images (Budoff et al., 2012). The left main coronary artery 1144 
(LMCA) was set as the reference site to allow reproducible detection of a spinal level for use 1145 
with cardiac CT scanning. The LMCA is covered in 100% of images and the field of view can be 1146 
completely reconstructed; therefore, it is an optimal reference point to locate the starting 1147 
measurement level. The most common location of the LMCA origin is at the lower edge of T7.  1148 
Intra-observer variability in BMD measurements using the same measurement technique 1149 
in a different sample (Budoff et al., 2010) was tested on 120 scans by one observer from the Los 1150 
Angeles Biomedical Research Institute, with 1-week intervals between the two readings. To 1151 
measure inter-observer variability on 67 randomly selected scans, the results obtained by two 1152 
radiologists from the Los Angeles Biomedical Research Institute who were blinded to all clinical 1153 
information and prior measurements were compared using this other sample. Intra- and inter-1154 
observer variations in BMD measurements were 2.5% (Bland-Altman plot ratio: 1.00, 95% CI: 1155 
0.99-1.00) and 2.6% (Bland-Altman plot ratio: 1.00, 95% CI: 0.99-1.00), respectively. 1156 
 1157 
Thoracic vertebral fracture 1158 
Genant’s semi-quantitative technique does not distinguish between wedge (i.e. reduced 1159 
anterior height), biconcave (i.e. reduced central height) or crush (i.e. reduced posterior height) 1160 
fractures; most fractures contain a combination of these features and are influenced by the local 1161 
biomechanics of the spinal level involved. Vertebral fractures are differentiated from other, non-1162 
fracture deformities (e.g. osteoarthritis), although these other deformities were not systematically 1163 
coded. 1164 
 1165 
Socio-demographics and anthropometrics 1166 
Birth years were assigned based on a combination of methods described in detail 1167 
elsewhere (M.  Gurven, Kaplan, & Zelada Supa, 2007), including using known ages from written 1168 
records, relative age lists, dated events, photo comparisons of people with known ages, and 1169 
cross-validation of information from independent interviews of kin. Each method provides an 1170 
independent estimate of age, and when estimates yielded a date of birth within a three-year 1171 
range, the average was generally used. 1172 
Outcomes of each pregnancy reported during reproductive histories were recorded as 1173 
either ending in a live birth or terminating pre-term. Whether miscarriages (including stillbirths) 1174 
are included or omitted from parity counts does not affect results, and results reported here 1175 
reflect only live births. 1176 
 1177 
Data analysis 1178 
With respect to general linear models of BMD, variance inflation factors were checked to 1179 
assess degree of covariance and ensure minimal collinearity. Crude mean BMD values are used 1180 
to compare populations for each decade, and age-standardized means are used to compare 1181 
populations across all decades. We use the Tsimane adult age distribution, estimated from the 1182 
THLHP 2015 census, as the standard. 1183 
 1184 
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Appendix-Table 19. General linear models: anthropometric predictors of thoracic vertebral BMD 1186 
(mg/cm
3
) for women. Height is included in models 1 and 3, weight in models 2, 3 and 5, body 1187 
mass index (BMI) in model 4, body fat (% or fat mass) in models 5-6, and fat-free mass in model 1188 
6. Age is controlled in all models. Standardized betas are shown (intercepts omitted). 1189 
Parameter Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 
Height (cma) 0.040 ----- 0.013c ----- ----- ----- 
Weight (kga) ----- 0.080¶ 0.075c ----- 0.130¶c ----- 
BMI (kg/m2a) ----- ----- ----- 0.070 ----- ----- 
Body fat (%b) ----- ----- ----- ----- -0.061c ----- 
Fat mass (kgb)  ----- ----- ----- ----- ----- 0.021c 
Fat-free mass (kgb) ----- ----- ----- ----- ----- 0.087c 
Age (years) -0.679*** -0.670*** -0.667*** -0.681*** -0.661*** -0.659*** 
       
Adjusted R2 0.484 0.489 0.487 0.488 0.498 0.498 
N 238 238 238 238 219 219 
***p≤0.001     **p≤0.01     *p≤0.05     ¶p≤0.1 1190 
aData are missing for seven women. 1191 
bData are missing for 26 women. 1192 
cVariance inflation factors do not indicate a high degree of multicollinearity. 1193 
 1194 
 1195 
 1196 
 1197 
Appendix-Table 20. General linear models: anthropometric predictors of thoracic vertebral BMD 1198 
(mg/cm
3
) for men. Height is included in models 1 and 3, weight in models 2, 3 and 5, body mass 1199 
index (BMI) in model 4, body fat (% or fat mass) in models 5-6, and fat-free mass in model 6. 1200 
Age is controlled in all models. Standardized betas are shown (intercepts omitted). 1201 
Parameter Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 
Height (cma) 0.028 ----- -0.062c ----- ----- ----- 
Weight (kga) ----- 0.137** 0.170**c ----- 0.177**c ----- 
BMI (kg/m2a) ----- ----- ----- 0.135** ----- ----- 
Body fat (%b) ----- ----- ----- ----- -0.072c ----- 
Fat mass (kgb) ----- ----- ----- ----- ----- 0.022c 
Fat-free mass (kgb) ----- ----- ----- ----- ----- 0.163**c 
Age (years) -0.578*** -0.556*** -0.561*** -0.567*** -0.508*** -0.505*** 
       
Adjusted R2 0.307 0.325 0.325 0.324 0.300 0.302 
N 255 255 255 255 229 229 
***p≤0.001     **p≤0.01     *p≤0.05     ¶p≤0.1 1202 
aData are missing for seven men. 1203 
bData are missing for 33 men. 1204 
cVariance inflation factors do not indicate a high degree of multicollinearity. 1205 
